Summary. The 
. Studies using specifically labelled lactate and pyruvate have shown that there is no difference in the ability of one-and two-cell mouse embryos to accumulate and utilize these substrates when they are present individually as the sole energy source in the medium (Wales & Whittingham, 1967) . Nevertheless, the greater turnover of pyruvate, indicated by the production of C02 and intracellular accumulation of the products of metabolism, probably enables pyruvate but not lactate to support the first cleavage division in vitro. Chemical analysis of the oviducal fluid of the rabbit has revealed the presence of both lactate (2-5 µ) and pyruvate (0-2 nui) (Holmdahl & Mastroianni, 1965) . Moreover, Brinster (1965b) found that these two substrates employed together in the medium were significantly better at maintaining the development of two-cell mouse embryos to the blastocyst stage in vitro than either alone.
Brinster (1965b) suggests that this effect of interaction between substrates on embryonic development may be caused by changes in the oxidation-reduc¬ tion potential of the embryo. This in turn might favour particular metabolic pathways and so vary the carbon pools of the embryo into which substrate is channelled. In this way, a level of metabolic control could be maintained over development. Therefore, in this investigation, the short-term uptake and accumulation of substrate carbon from specifically labelled lactate and pyruvate were studied when the substrates were employed either alone or in combination in the incubation medium. A closer examination of the optimal combination of these substrates to support development of two-cell mouse embryos was also made, since the lactate concentration found in oviducal fluid (Holmdahl & Mastroianni, 1965; Restall & Wales, 1966) and blood serum (Long, 1961) is much lower than that used by Brinster (1965b) to culture mouse embryos in vitro.
MATERIALS AND METHODS

General
The procedures for the collection of two-cell mouse embryos from superovulated random-bred Swiss mice, 46 to 48 hr after the injection of HCG, have been adequately described elsewhere (Brinster, 1963; Biggers, Whitten & Whittingham, 1971) . The medium used for the collection of embryos was a modified Krebs-Ringer bicarbonate solution containing 25 mM-DL-sodium lactate, 025 mM-sodium pyruvate, 1 mg bovine serum albumin/ml, 60 µg penicillin/ml and 50ßg streptomycin sulphate/ml (Brinster, 1965b (Wales & Whittingham, 1971 (Wales & Biggers, 1968) . The isotonic sucrose contained unlabelled substrates in similar concentrations to the in¬ cubation medium, preliminary experiments having shown that this procedure helps to prevent loss of the radioactivity from the embryo during centrifugation. Each sample was assayed for radioactivity by liquid-scintillation techniques using 5 ml of a Triton X-100: toluene mixture (1:2) containing 0-4% 2,5-diphenyloxazole (PPO) and 0 1% l,4-bis-(4-methyl-5-phenyloxazolyl-2) benzene (dimethyl POPOP) as scintillator. The accumulation of substrate carbon from the labelled site was calculated from the counts in the embryos and the specific activity of substrate in the incubation medium.
Production of carbon dioxide
The technique for measuring the production of C02 by mouse embryos R. G. Wales and D. G. Whittingham from labelled substrates has been described (Wales & Biggers, 1968 (Wales & Whitting¬ ham, 1967) and the C02 evolved was absorbed in 02 ml 1 N-sodium hydroxide. The sodium hydroxide was transferred to a scintillation vial 24 hr later and the radioactivity was assayed by the liquid-scintillation method described above. Control samples of medium were incubated with the samples containing embryos and the amount of radioactive C02 collected from the controls was used to correct 14C02 production from samples containing embryos. Extraction of embryos and fractionation of metabolites Following incubation in radioactive medium for 30 min, embryos were separated from the incubation medium by centrifuging through isotonic sucrose as outlined above. They were then recovered from the broken tip of the centrifuge tube and extracted as previously described (Wales & Whitting¬ ham, 1970) , after the addition of 50 µ sheep serum to act as carrier for the radioactive compounds. The metabolites in the acid-soluble fraction were fractionated into basic, acidic and neutral compounds by applying aliquots of this fraction to ion-exchange resins (Wales & Whittingham, 1970) and assaying the eluate for radioactivity by liquid-scintillation techniques. The separation employed leads to the elution of amino acids with the basic com¬ pounds and of all other organic acids with the acidic compounds. Organic acids in the acid-soluble fraction were separated by paper chromatography using butanol: acetic acid: water (4:1:5) as solvent and by liquid-liquid partition chromatography using silicic acid as support (O'Shea & Wales, 1968) . The amino acids in the basic compounds from the ion-exchange resins were separated by high-voltage paper electrophoresis using acetic acid:formic acid:water buffer at pH 1 -85 (Atfield & Morris, 1961) and phthalate buffer at pH 5-9 (Block, Durrum & Zweig, 1958 The results for three replicates of the experiment are given in Table 3 .
Between 90 and 95% of the substrate carbon incorporated into the embryos during this short period of incubation was found in the acid-soluble fraction.
The remainder had entered the acid-insoluble fraction and there was no labelling of lipids. Accumulation of substrate carbon in both the acid-insoluble and acid-soluble fraction was greater when a combination of lactate and pyru¬ vate was present in the incubation medium than when either substrate was added alone. This effect was due to an increased accumulation of both C-l and C-2 of substrate. In addition, with lactate and pyruvate in combination, lactate contributed 60 to 90% of the total carbon incorporated. Fractionation of the acid-soluble material on ion-exchange resins showed major incorporation into both the base-containing and the acidic compounds. Incorporation into neutral compounds was small and inconsistent, isotope being found in this fraction in only six of the twelve samples assayed. Little accumulation of pyru¬ vate occurred in the acidic compounds either with or without the addition of lactate. With lactate as sole energy source, this fraction accounted for most of the C-l accumulated. Both lactate and pyruvate showed similar substantial incorporation of C-2 into the acidic compounds. However, the accumulation of decarboxylated substrate measured as the difference between C-2 and C-l, was greater after incubation in pyruvate (230 fg atoms/embryo) than after incubation in lactate (120 fg atoms/embryo) and was greatest when a com¬ bination of the substrates was used (300 fg atoms/embryo). With pyruvate alone, the major portion of the C-l which accumulated in the embryo was found in the base-containing compounds. On the other hand, almost no C-l of lactate accumulated in basic compounds unless pyruvate was also added to the medium. Substantial quantities of C-2 accumulated in these compounds from both lactate and pyruvate. As with the acidic fraction, an estimate of the amount of decarboxylated product was made from the difference between the accumulation of C-2 and C-l. In this case, the accumulation of decarboxylated substrate was similar for incubations in pyruvate (360 fg atoms/embryo) and lactate (310 fg atoms/embryo) but was substantially increased to 500 fg atoms/ embryo following incubation in the combination of substrates.
The residue of the acid-soluble fraction was applied to silicic acid columns and the organic acids eluted. Lactate was the major carboxylic acid identified in incubations containing this substrate and accounted for approximately 100 fg atoms/embryo of both C-l and C-2 of substrate accumulated in the acidic fraction under these conditions. In incubations using 2-14C-labelled substrates, a large proportion of label not accounted for by lactate was eluted from the columns at a position corresponding to malate or citrate. This accumulation of C-2 was greatest with pyruvate or its combination but was low with lactate alone. No further identification was possible in this experiment. Pyruvate is effective over a limited range of concentrations, similar to the levels previously found to be optimal for development (Brinster, 1965a, b; Whitten, 1971) . The effective range of concentration of lactate is not as limited and a much lower range of concentrations (0-5 to 40 mM) than previously examined by Brinster (1965b) can produce near optimal responses when in combination with 0-2 to 0-4 mM pyruvate. These latter levels of lactate and pyruvate approach those that have been measured in the oviducal fluid of the rabbit (Holmdahl & Mastroianni, 1965) When lactate and pyruvate are employed individually in the culture medium, the accumulation of radioactivity from substrate labelled at the C-l and C-2 positions is of the same order as that reported previously (Wales & Whitting¬ ham, 1967) . The evidence from these earlier studies suggested that both lactate and pyruvate enter the embryo by diffusion, leading to the intracellular accumulation of the parent substrate. However, in the case of pyruvate, fractionation of the intracellular labelled compounds in the present experiment has shown that at least 80% of this label is found in the base-containing com¬ pounds rather than in the organic acids. Alanine was identified in sufficient quantity in the embryo to account for the major portion of this incorporation. Probably a small proportion of the incorporation also results from the fixation of carbon dioxide over this period (Quinn & Wales, 1971 ). Thus, the accumu¬ lation of C-l of pyruvate during incubation at 37°C appears to be due mainly to the activity of the enzyme, alanine aminotransferase (EC 2.6.1.2) rather than substrate diffusion. The results, using varying concentrations of lactate both in the present experiment and in the earlier study (Wales & Whittingham, 1967) , show a linear relationship between lactate concentration and accumulation of C-l of this substrate. Fractionation of the intracellular label indicated that most of this accumulation occurred as the parent substrate, but the intracellular concentration of substrate carbon accumulated from C-l of lactate was always much lower than that present in the incubation medium. Whether the low intracellular concentration of lactate found in the present experiments is due to limited transfer of the substrate across the cell membrane (see Brinster, 1965a) (Brinster, 1965c) . Under these circumstances, the reduction in the utilization of pyruvate would be related to the rate of conversion of lactate to pyruvate and the subsequent competition of the two sources of carbon for entry into the carbon pools of the embryo. In addition, the finding that the ratio (C02 from C-1)/(C02 from C-2) for pyruvate and for lactate ranges from 2 to 3 and is unaffected by the presence or absence of the other substrate is further evidence that both substrates are utilized by common metabolic pathways.
The production of carbon dioxide from specifically labelled pyruvate is of the same order as that reported earlier (Wales & Whittingham, 1967) . The decrease in the production of carbon dioxide from pyruvate in the presence of varying concentrations of lactate parallels the effects on the accumulation of substrate carbon from pyruvate. However, when lactate is added, total oxidation of substrate carbon remains relatively constant. In this study, the production of carbon dioxide from substrate in a medium containing 25 mM-lactate and 0-5 mM-pyruvate was approximately twice that reported when lactate was present in the medium alone (Wales & Whittingham, 1967 
